INTRODUCTION
============

Infectious diseases can be considered as normal events in any organisms life time. They are in most cases transient, self-limiting events which would not suggest any significant abnormality or deficiency within the hosts immune defence. However, if opportunistic organisms cause disease, and/or a patient experiences recurrent, chronic or unusual severe infections of more common pathogens when compared with disease controls, then an underlying impairment of the immune defence may be considered. This state of immunodeficiency can be caused by various mechanisms which may be primary or secondary. Primary mechanisms for example include genetic impairments within the immune system (primary immunodeficiencies, PIDs) which cause susceptibility to infectious diseases usually from birth or early age.

Secondary impairments may be caused by the infectious agent themselves such as HIV, which may target crucial nonredundant components of the hosts immune defence with the consequence of severe susceptibility to a wide array of pathogens; by certain noninfectious diseases which may compromise the immune system such as blood born cancers or, disruption of natural barriers as may be found for example in certain skin diseases and protein loosing enteropathies; by therapeutic interventions, for example immunosuppressive drugs for treatments in cancer, autoinflammatory diseases and transplantation; environmental toxins; or 'extreme' situations such as malnutrition, very young age (some parts of immunity not fully developed) or old age (immune senescence); autoimmunity to cytokines which will be the topic of this review.

Cytokines are key signalling molecules which orchestrate the immune response and are indispensable for the host defence against pathogens \[[@R1]\]. Primary immunodeficiency are often associated with defects in cytokine production or signalling. Autoantibodies to cytokines have been identified as an emerging alternative pathological mechanism leading to a compromised immune response and susceptibility to infection and may be considered as autoimmune phenocopies of primary immunodeficiencies \[[@R2]--[@R4]\].

So far autoantibodies to three cytokines, granulocyt macrophage colony-stimulating factor (GM-CSF), IFN-γ and IL-6 and a group of related TH-17 cytokines, IL-17A, IL-17F, IL-22, IL-23 have been found to be causative or closely associated with susceptibility to infection. This review gives an overview about the field of infections caused by or associated with ACAA and recent developments. 
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AUTOANTIBODIES TO IFN-γ CAUSE SUSCEPTIBILITY TO OPPORTUNISTIC MYCOBACTERIA AND OTHER INTRACELLULAR PATHOGENS
============================================================================================================

IFN-γ is a key cytokine in the host defence against intracellular pathogens. It is mainly produced by type 1 helper T-cells cells and natural killer cell and acts primarily on monocytes. It is essential for the control of mycobacterial infections. Mendelian susceptibility to mycobacterial disease (MSMD) is a rare condition which predisposes to clinical disease by weakly virulent mycobacteria such as Bacille Calmette Guerin and nontuberculous environmental mycobacteria (NTM). Patients with MSMD have either a defective response to IFN-γ, for example with genetic impairments in the IFN-γ receptor (IFNGR1, IFNGR2) or downstream signalling elements such as STAT1, or a defective production of IFN-γ, for example with genetic defects in IL12B (the shared subcomponent of IL-12 and IL-23) or IL12RB1 (the shared receptor component for IL-12 and IL-23). Patients with MSMD are also susceptible to *Salmonella*, *Candida* and *Mycobacterium tuberculosis* and more rarely to other intramacrophagic bacteria, fungi, parasites and some viruses \[[@R5]\].

Neutralizing autoantibodies to IFN-γ (AIGA) are the autoimmune correlate to primary Mendelian defects in the IFN-γ signalling pathway. The first reports showing a conclusive association to infection with severe atypical mycobacteriosis where published in 2004 \[[@R6],[@R7]\]. Several hundred cases had been described worldwide between 2004 and 2016 \[[@R8]^▪▪^\]. Browne *et al.* published a large series of 80 patients with high titre neutralizing anti interferon gamma autoantibodies (nAIGA), thus establishing autoimmune acquired IFN-γ deficiency as a syndrome of a secondary adult-onset immunodeficiency with disseminated mainly nontuberculous mycobacterial infections. Other opportunistic pathogens may include bacteria (e.g. *Salmonella, Burkholderia*); fungi (e.g. *Penicillium, Histoplasma, Cryptococcus*) and viruses, in particular *varicella zoster* virus (VZV) \[[@R9]\]. Further reports confirmed a high prevalence rate among patients with disseminated NTM infections of nearly entirely south east Asian origin \[[@R3],[@R4]\]. This was subsequently explained by the discovery of a strong endemic HLA association \[[@R10]\]. Lin *et al.*\[[@R11]\] identified a major target epitope.

Some interesting reports with more unusual presentations of nAIGA-related infection were recently published. Ikeda *et al.*\[[@R12]\] reported a 65-year-old man from Japan with disseminated *Mycobacterium avium* infection involving both optic nerves in the context of wide dissemination. The neutralizing capacity of the AIGA was confirmed by STAT1 phosphorylation testing and as well reflected by an 'invalid' quantiferon assay showing no IFN-γ response to phytohemagglutinine \[[@R12]\]. Koizumi *et al.*\[[@R13]\] presented a case of a 66-year-old Japanese HIV negative man with *M. avium* peritonitis and chylous ascites and nAIGA. The patient was previously treated for an angioimmunoblastic T-cell lymphoma with complete remission \[[@R13]\]. Van de Vosse *et al.*\[[@R14]\] reported nAIFNG in a 38--year-old women of African descent, who presented with necrotizing lymphadenitis due to *Histoplasma capsulatum*. Her HLA haplotype did not overlap with the one found to be associated with AIGA \[[@R10],[@R14]\]. Miyashita *et al.*\[[@R15]\] describe nAIGA associated disseminated *M. avium* infection presenting as bladder lesions and sterile pyuria in a 63-year-old Japanese women. Saba *et al.*\[[@R16]\], presented a case of AIGA-related refractory Mycobacterium avium complex (MAC) pneumonia in a 45-year-old women of Thai origin, but living in the United States. The patient had been previously diagnosed with Kikuchi lymphadenopathy which was treated with corticosteroids. Her course was further complicated by VZV reactivation, which required intravenous acyclovir treatment \[[@R16]\].

Hase *et al.*\[[@R8]^▪▪^\] performed a comprehensive retrospective analysis of 35 studies describing 111 patients with AIGA-associated NTM infections between 2004 and 2016. They calculated a mean age of onset of 52 years (range 15--87). A total of 106 patients (95%) were Asians. The frequencies of isolated NTM species varied according to the known geographical NTM distributions with rapid-growing mycobacteria being predominantly isolated from Thailand, China and Philippines and MAC from Japan, Europe, USA and South Africa. Concomitant organisms where found in 68% of cases and confirmed the strong endemic component. Lymphnodes were the most frequent site of infection (79%) in contrast to AIDS associated disseminate MAC presenting mostly as bacteremia. Based on own and previous studies using Rituximab, Hase *et al.*\[[@R8]^▪▪^\] and Koizumi *et al.*\[[@R17]\] concluded that Rituximab in addition to antimycobacterials chemotherapy could be a treatment option in refractory cases. Hase *et al.*\[[@R8]^▪▪^\] and Aoki *et al.*\[[@R18]^▪▪^\] emphasised the importance of long-term antibiotic therapies to prevent relapses, with *Mycobacterium abscessus* posing a particular problem. Baerlecken *et al.*\[[@R19]\], successfully treated a patient with a combination of Plasmaspheresis and pulsed cyclophosphamide. Chetchotisakd *et al.*\[[@R20]\] treated seven patients with refractory *M. abscessus* infection with cyclophosphamide and obtained clearance in two patients, stable disease without the need for hospitalization in three patients, but two patients did relapse. Nonresponders did not experience reductions of anti IFN-γ autoantibody levels as found in responders \[[@R20]\].

ANTIBODIES TO GRANULOCYT MACROPHAGE COLONY-STIMULATING FACTOR CAUSE PULMONARY ALVEOLAR PROTEINOSIS AND ARE ASSOCIATED WITH CRYPTOCOCCOSIS
=========================================================================================================================================

Granulocyte macrophage colony-stimulating is a haematopoietic growth factor which in particular promotes the development of macrophages, dendritic cells and neutrophils. In the lung it is important for differentiation and function of alveolar macrophages. Auto-antibodies to GM-CSF are the autoimmune correlate of the much rarer primary GM-CSF-Receptor deficiency causing pulmonary alveolar proteinosis (PAP) by impairing the alveolar macrophage mediated surfactant lipid and protein metabolism and leading to accumulation and respiratory insufficiency. Patients suffer from recurrent common pulmonary infections, which may be secondary to the underlying lung dysfunction, but also from infections by opportunistic intracellular pathogens including NTM, *Nocardia*, *Histoplasma*\[[@R21]\]. High titre neutralizing anti-GM-CSF where found to be associated with extrapulmonary disseminated disease due to *Cryptococcus gattii*, *Nocardia* and *Aspergillus* in otherwise immunocompetent patients. PAP developed later however in some of them \[[@R22]--[@R24]\]. *C. gattii*, originally mainly identified in tropical regions, is geographically emerging and now increasingly found as well in the US and Europe \[[@R25],[@R26]\]. Several recent studies confirm the link between the presence of neutralizing anti-GM-CSF autoantibodies and cerebral cryptococcosis in particular by *C. gattii* in the absence of PAP. Kuo *et al.*\[[@R27]\], screened eleven otherwise immunocompetent patients with cryptococcal meningitis from Taiwan and identified four patients (37--59 years old) with neutralizing autoantibodies to GM-CSF as shown by patients plasmas ability to block GM-CSF-induced STAT5 phosphorylation and MIP-1α production. Although the isolates could not be subtyped in this case, infection were likely due to *Cryptococcus gattii*. Crum-Cianflone *et al.*\[[@R28]\] identified neutralizing anti-GM-CSF autoantibodies in two previously healthy patients with unusual presentations of *C. gattii* infection. A 42-year-old white man presented with a spinal epidural abscess and a 34 years old Hispanic man presented with skin and brain involvement. His bronchoscopy showed no lesions but was found to be positive by Polymerase chain reaction (PCR). Patient plasmas were shown to inhibit GM-CSF-induced STAT5 phosphorylation \[[@R28]\]. Demir *et al.*\[[@R29]\] presented a 42-year-old male with *C. gattii* meningitis and anti-GM-CSF autoantibodies and in whom PAP developed 3 years later. Huynh *et al.*\[[@R30]\] reported another unusual presentation of endobronchial lesions due to *C. gattii* in the presence of anti-GM-CSF autoantibodies although their inhibitory activity was not formally ascertained. Clancey *et al.*, recently described an interesting case of travel-acquired anti-GM-CSF associated *C. deuterogattii* meningitis in an otherwise immunocompetent 69-year-old man from North Carolina which occurred 3 month after he experienced a period of cough and shortness of breath. High titre anti-GM-CSF plasma antibodies were detected. Genomic analysis of the isolated strain showed that it originated from a *Cryptococcus* outbreak area in the Pacific Northwest, which the patient visited 3 years earlier \[[@R31]\]. These cases document the expanding clinical manifestations and geographical distribution of anti-GM-CSF associated *C. gattii* infection. Given the limited availability of anti-GM-CSF testing and possible still low awareness of this association, under diagnosis of anti-GM-CSF associated *C. gattii* infection in the absence of PAP is likely.

Presence of anti-GM-CSF autoantibodies should be considered in all patients with symptoms suggesting PAP proteinosis or with extrapulmonary disease, in particular with *C. gattii* or *Nocardia*. Identification of the causative anti-GM-CSF autoantibodies has a direct impact on treatment and management. Long-term or even indefinite secondary antifungal prophylaxis must be considered \[[@R28]\]. In more severe antimicrobial treatment refractory cases, plasmaspheresis, exogenous GM-CSF supplementation or B-cell depletion (Rituximab) may be further options \[[@R21],[@R32]\].

SYNDROMIC AUTOANTIBODIES TO TH17 CYTOKINES (IL17A, IL17F, IL-22, IL-23) AND CHRONIC MUCOCUTANEOUS CANDIDIASIS
=============================================================================================================

The cytokines IL-17A, IL-17F and IL-22 are mainly produced by Th17 cells and play an important role in the mucosal defence against Candida. IL-23 is mainly produced by dendritic cells and macrophages and is required for the development of TH17 cells. Primary deficiencies in the IL17 axis including IL-17F, IL-17RA, IL17RF and the intracellular adaptor ACT1 have been found to predispose to chronic mucocutaneous candidiasis (CMC). Patients with impaired IL12/IL23 signalling show as well an increased incidence of CMC. Furthermore, syndromic primary deficiencies in CARD9, STAT3, STAT1 and RORγT and in which CMC is part of the infectious spectrum show as well diminished TH17 immunity \[[@R33],[@R34]\].

Auto immune regulator (AIRE) deficiency causes autoimmune polyglandular syndrome type I (APS1), which is a complex autoimmune syndrome with CMC as its only infectious manifestation \[[@R33],[@R34]\]. A subset of patients with thymoma, a thymic epithelial cancer, may as well present with CMC which may be in the context of more complex infectious complications and dysregulated expression of AIRE. Both conditions present with complex anticytokine serologies secondary to a failure of central tolerance \[[@R35]\].

Puel *et al.*\[[@R36]\] and Kisand *et al.*\[[@R37]\] described neutralizing autoantibodies to Th17 cytokines, including IL-17A, IL-17F, IL-22 as part of more complex anticytokine patterns in patient with APS1 and thymoma to be associated with CMC. Rosenberg *et al.*\[[@R38]\] reported an interesting patient with thymoma and CMC without antibodies to IL17A/F or IL-22 but with high titre autoantibodies to IL-23.

NF-κB2 DEFICIENCY MAY BE ASSOCIATED WITH HIGH TITRE NEUTRALIZING ANTICYTOKINE AUTOANTIBODIES
============================================================================================

Ramakrishnan *et al.*\[[@R39]^▪▪^\] presented a patient with chronic variable immunodeficiency caused by a heterozygous NFKB2 mutation. The patient developed severe pyogenic bacterial infections but also recurrent viral infections despite Ig replacement therapy. Multiplexed anticytokine serology showed a complex pattern of high titre autoantibodies to Type-I IFNs, and IL12/23 reminiscent to what can be seen in thymoma patients. Rituximab treatment which resulted in a marked reduction of some anticytokine titres and clinical improvement with no further invasive infections was observed. It is unclear, if this improvement is secondary to the reductions in the observed anticytokine titres, given the broad range of so far observed ACAA and potentially many as yet unknown related targets \[[@R39]^▪▪^\]. In line with this are findings in hypomorphic recombination activation gene deficient patients and Thymoma patients where the incidence and complexity of the patients anticytokine patterns where positively correlated with increased susceptibilities to infections \[[@R40],[@R41]\].

ANTIBODIES TO IL-6 AND SEVERE BACTERIAL INFECTIONS
==================================================

IL-6 is a pleiotropic cytokine, which is rapidly produced in response to tissue damage and infection. It is a key activator in the acute phase response and induces for example the production of C-reactive protein. It may be overexpressed in autoinflammatory diseases and its therapeutic inhibition has for example been shown to be effective in the treatment of various forms of arthritis \[[@R42]\]. Several PID have been described with either impaired IL-6 signalling or IL-6 production \[[@R43],[@R44]\]. One patient with complete gp130 deficiency presented early onset severe recurrent bacterial infections including *Staphylococcus aureus*, *Streptococcus milleri* and GrpA Streptococci, but not fungal infections and an impaired acute phase response \[[@R44]\]. So far, only three patients have been reported with high titre neutralizing antibodies to IL-6 and impaired acute phase response. A 56-year-old women and a 67-year-old man from Japan presented with chronic *Staphylococcal aureus cellulitis* and empyema due to *Streptococcus intermedius* and *Escherichia coli*, respectively \[[@R45]\]. A Haitian boy presented at 11 months with recurrent Staphylococcus aureus cellulitis and subcutaneous abscesses \[[@R46]\]. Significantly, the boy\'s infections resolved despite persistence of the anti-IL-6 autoantibody. High levels of neutralizing autoantibodies have been identified in healthy individuals \[[@R47]\] and, in fact, we are following up a similar healthy control subject in our own laboratory (Doffinger laboratory, unpublished). This may suggest, that second 'hits' are needed for disease development. Unpublished findings from our and other laboratories suggest that this may be an underdiagnosed condition.

DETECTION AND FUNCTIONAL EVALUATION OF ANTICYTOKINE AUTOANTIBODIES
==================================================================

Anti cytokine autoantibodies may be highly diagnostic in the correct clinical context. Early detection of serum anticytokine antibodies is of high importance to initiate early and appropriate treatment as patient are more likely to be refractory to standard antimicrobial therapy, would need longer treatment and have a higher risk to relapse \[[@R8]^▪▪^,[@R9],[@R48],[@R49]\]. They should be considered in particular in otherwise unexplained mostly late onset cases of unusual infection.

Various methods have been used for screening including ELISA, chip-based techniques, protein arrays and fluid phase assays \[[@R50],[@R51]\]. The most widely used screening tool is probably multiplexed Luminex-based assays, which are in particular useful to describe the complex anticytokine patterns found for example in APS1 and thymoma patients (e.g. \[[@R52]\]). The most used functional tests for ascertainment of neutralizing activities of ACAA include cellular cytokine release tests and STAT phosphorylation assays (e.g. \[[@R12],[@R27],[@R49]\]).

Several recent reports noted indeterminate or invalid results when using standard clinical IFN-γ release testing such as Quantiferon or Elispot assays showing negative mitogen responses in patients with high titre AIGA in the context of disseminated NTM infection, probably mostly reflecting interference as the patients AIGA would mask any induced IFN-γ (e.g. \[[@R8]^▪▪^,[@R12]\]). Recent studies evaluated and showed an excellent usefulness of the mitogen component of the whole blood Quantiferon in-tube assays for the detection of clinical relevant AIGA \[[@R53],[@R54]\]. The limitation of this test is that it formally does not measure the neutralizing capacity of the AIGA. However in addition, we would propose to take further advantage of the widely available Quantiferon assay: Addition of IFN gamma to the tuberculosis tube, if necessary in the presence or absence of a suitable costimulus such as lipopolysaccharide, should theoretically induce the production of TNF-α and IL12, which would be suppressed in the presence of nAIGA. Rattanathammethee *et al.*\[[@R55]\] propose a simple easy to perform dot-ELISA assay which, although based on qualitative visual evaluation, shows excellent positive and negative predictive values. This test should be economical and could be performed even in remote places with limited testing capabilities. More bespoke functional in vitro Whole Blood assays, if available, have the advantage to be able not only to indicate the presence of nAIGA but also to reveal other impairments for example causing IFN-γ production defects \[[@R49]\].

CONCLUSION
==========

Autoantibodies to cytokines may cause acquired susceptibility to infection. They are likely to be underdiagnosed and should be considered in otherwise immunocompetent individuals who experience infections with opportunistic organisms and/or a patient with recurrent, chronic or unusual severe infections of more common pathogens
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